Using in vitro techniques and labeled linoleic acid and glucose, alterations in phospholipid synthesis in the aorta were correlated with electron microscopic studies at various intervals of time after feeding rabbits cholesterol. After 4 to 8 weeks of feeding, more phospholipid precursors were incorporated into die phospholipids of atherosclerotic blood vessels than of normal vessels. Concomitant with the metabolic alterations, the following ultrastructural changes occur. Smooth muscle cells of the plaque (myo-intimal cells) evolve into highly vacuolated cells containing a profusion of cytoplasmic organelles. The increase in membranous organelles suggests that the increase in phospholipid synthesis may be the result of a cellular requirement for increased intracytoplasmic structural phospholipid.
• The metabolic capabilities of the arterial wall have come under scrutiny in the past few years in attempts to elucidate the relationship of vessel wall metabolism to atherosclerosis (1) (2) (3) (4) (5) (6) (7) (8) . Attention has been directed toward the endogenous lipid synthetic processes in blood vessels because of the possible role they may play in the accumulation of lipid substances in the atherosclerotic plaque (6, (8) (9) (10) (11) . Although the synthesis of phospholipids has been demonstrated in blood vessels of both experimental animals and humans (2, 9, (12) (13) (14) (15) (16) (17) , the significance of the phospholipid synthetic mechanism is unknown. Zilversmit and his coworkers (18, 19) have suggested that this synthesis is accelerated in experimental atherosclerosis and that this represents an effort on the part of the vascular wall to utilize the surface active properties of phospholipids to solubilize cholesterol accumulating in the plaque.
The capacity of the vascular wall to synthesize phospholipids is apparently related to its ability to metabolize glucose, because recent investigations have suggested that the products of glycolysis and oxidation phosphorylation (a-glycerophosphate and ATP) are requirements for phosphatdde synthesis (15, 17) .
It has been proposed on morphological grounds that the cells responsible for this increased phospholipid metabolism are those accumulating in the intimal plaques (24) . These cells have been variously labeled fibroblasts, monocytoid cells and macrophages, but recent electron microscopic studies have clearly identified one predominant cell type to be smooth muscle (24, 25) . In one of these studies (24) , special attention was directed to the smooth muscle cells in the plaque (called myo-intimal cells) and the unusual sequential ultrastructural alterations which occur in these cells during cholesterol feeding. Hie myointimal cells evolve into lipid-laden foam cells and they display a remarkable prominence of cytoplasmic organelles which suggests an accompanying alteration in their metabolism (24, 25) .
These morphologic studies permit only limited conclusions of biochemical significance. Likewise, it has been difficult to relate the metabolic alterations occurring in the atherosclerotic vessel wall to any specific cellular component. Therefore, the present study was undertaken in an effort to correlate the biochemical alterations of phosphatide metabolism with the evolving ultrastructural changes occurring in experimental atherosclerosis.
Previous studies of phospholipid synthesis in experimental atherosclerosis have used in vivo methods involving phosphate-32 P (18, 19) and acetate-14 C (9). We have restudied this problem, at selected intervals during cholesterol feeding, using new in vitro methods and different phospholipid precursors (labeled glucose and linoleic acid) to provide more information about phospholipid synthesis in the vascular wall during the evolution of experimental atherosclerosis (17, (20) (21) (22) (23) . In addition, the ultrastructural studies performed on animals sacrificed at the same intervals of time allow some suggestive correlations relating to the locus of the altered arterial metabolism.
It will be shown that glucose-14 C (UL) and linoleic acid-l-14 C are incorporated into aortic phospholipids to a significantly greater extent in rabbits fed cholesterol 4 to 8 weeks and longer. Moreover, aortas from rabbits fed cholesterol 8 weeks and longer oxidize significantly greater amounts of labeled glucose to 14 COi-. The alterations in metabolism occur when increasing numbers of myo-intimal cells in atheroma are undergoing the ultrastructural metamorphosis to lipid-laden cells with associated increases in cytoplasmic organelles.
Materials and Methods
Materials. Linoleic acid-l-14 C with a specific activity of 40 /LAC//AM was obtained from New England Nuclear Corp. (Boston, Massachusetts), was checked for purity by gas-liquid chroma-GrcMillion Rtstarcb, Vol. XIX. Oclobtr 1966 tography and contained more than 99% linoleic acid. Glucose 14 C (ul) which was obtained from Merck, Sharp & Dohme (Montreal, Canada) had a specific activity of 50 yuc/yitM.
Animals. New Zealand rabbits (120 female, albino) with initial weights of 2.5 ± 0.2 kg and of similar age were used. Sixty of the rabbits served as controls (referred to as "noncholesterolfed") and were maintained on alfalfa pellets 1 , while the other 60 rabbits were fed the alfalfa pellets which were impregnated with 4 g of cholesterol 2 in each 100 g of pellets (24) (referred to as "cholesterol-fed"). Each of these groups was subdivided into five subgroups of 12 rabbits; one subgroup was killed at 2, 4, 8, 12 and 16 weeks after initiating the study.
Experimental Procedures. At each of the designated time intervals, a subgroup from the control group (noncholesterol-fed) and one from the cholesterol-fed group were anesthetized with approximately 120 mg of intravenous pentobarbital. The 12 aortas were excised and chilled on ice while they were rapidly cleaned of adventitial fat. The prepared aortas were utilized in three ways: (1) The aortas taken from 5 animals were homogenized in 1 ml of Tris buffer (0.1 M, pH 7.4) per 200 mg wet weight of tissue. The homogenate was centrifuged in the cold at 800 X g for 20 min and 1-ml aliquots of the resulting supernatant were incubated with 0.1 /iEq of linoleic acid-l-14 C and various co-factors in a manner previously described (17). By pooling supernatants from 5 aortas, 12 to 15 1-ml aliquots were obtained. Depending on the amount of supernatant, 8 to 10 such 1-ml aliquots were incubated separately for 2 hours at 37°C in 10-ml Erlenmeyer flasks in a Dubnoff shaker with air as the gas phase. Then 4 ml of methanol was added to stop metabolic activity; these samples are referred to as "incubated homogenates." The remaining 4 or 5 1-ml aliquots were incubated only 5 min before the methanol was added to provide "control homogenates." (2) The total thoracic aorta of 5 additional rabbits from each subgroup was bisected longitudinally, blotted dry, weighed (120 to 200 mg), and each half was incubated separately at 37°C in Stanley Tracewell vessels (20) . 3 of each aorta to stop all metabolic activity and to liberate 14 CO 2 generated by the aortic strips. These samples, referred to as "incubated whole artery," were then incubated 30 min longer, after the 2 hollow plug stopcocks containing 0.3 ml of 4N NaOH were opened into the center well to allow absorption of the 14 CO 2 . The same procedure was carried out for the corresponding opposite half of each aorta, except that the sulfuric acid was added after 5 min of incubation to provide "control whole artery" samples. The alkali in the hollow plug stopcocks was then quantitatively transferred by a number of water rinses to 12-ml graduated conical centrifuge tubes containing 0.5 ml of 5% Triton 4 until a volume of 3 ml was attained. The samples were then transferred to counting vials containing 1 g of anthracene 6 and 10 ml of toluene containing 0.4% PPO° and 0.01% POPOP, 7 and they were assayed for radioactivity in a Packard "tri-carb" automatic liquid scintillation counter (26) . The results are expressed as counts/min of 14 CO 2 per 100 mg wet weight of "incubated whole artery" minus the counts/min per 100 mg wet weight generated by the corresponding "control whole artery." (3) The remaining 2 animals in each subgroup were used for electron microscopic study; they were killed by directly perfusing the aorta with osmic acid buffered in S-Collidine buffer, pH 7.4 (24) . Samples of tissue from the ascending and descending aorta were further fixed in osmic acid-S-Collidine buffer for 1 hour, dehydrated in increasing concentrations of ethanol and embedded in epoxy resin (24, 25) . Sections were stained with uranyl acetate and Millonig's lead (25) .
The size of myo-intimal cells was indirectly determined by comparing the weight of normal smooth muscle cells and myo-intimal cells that were carefully cut out of electron micrographs that had been printed at exactly the same enlargement. Fifty-five different electron micrographs provided 85 smooth muscle cells from noncholesterol-fed animals and 100 myo-intimal cells from plaques of various stages of evolution. In both groups, the cells were chosen at random and were in various planes of section. Each cell was weighed on a Mettler Analytical Balance, Type B5, with an accuracy of ± 0.05 mg. The photographic paper was of uniform weight since 1 square inch of paper from each electron 4 Triton GR-5, Lot #3488, Rohm and Haas, Philadelphia 5, Pennsylvania.
'Anthracene was obtained from Eastman Organic Chemicals, Rochester 3, New York. 6 2,5-Diphenyl oxazole was from Pilot Chemicals, Inc., Watertown, Mass. 7 p-Bis 12-(5-phenyloxazolyl) 1-Benzene, was from Pilot Chemicals, Inc., Watertown, Mass. micrograph gave an average weight of 0.1203 g with a standard deviation of 0.0012 g.
The amount of endoplasmic reticulum and mitochondrial membranes was estimated by carefully measuring the total length of the membranes of these organelles with the use of an Atlas Map Measuring Device directly from electron micrographs printed at the same enlargement. Twenty normal smooth muscle cells from noncholesterol-fed rabbits and 20 extensively altered myo-intimal cells from rabbits fed cholesterol 8 weeks and longer were chosen at random and used for the measurements. In each instance, the amount of intracellular membrane was related to the amount of plasma membrane in an attempt to compensate for the various planes of section in which the cells were found.
Methods. The samples of supernatant and whole artery were extracted for lipids by the method of Freeman (27) . The whole strips of aorta were first rinsed several times in bicarbonate buffer and then cut into small pieces before being homogenized and extracted.
Phospholipids were separated by silicic acid column chromatography (28) and the radioactivity determined by counting in a liquid scintillation counter (26) . In the case of the aortic strip experiments, the free fatty acid fraction was isolated (28) and assayed for radioactivity.
Results of the supernatant studies are expressed as the percent of linoleic acid-l-14 C recovered that was incorporated into phospholipids, minus any counts found in the phospholipid moiety of the "control homogenates." It was found that 92 to 96% of the linoleic acid originally added to the supernatant aliquots could be recovered from the silicic acid columns. As will be subsequently shown, between 12 and 45% of these recovered counts was found in the phospholipid moiety of the supernatant while the remainder of the recovered counts was found in the free fatty acid fraction. The results of the whole aortic strip experiments are expressed as the counts/min of glucose-14 C (UL) per 100 mg wet weight of incubated whole aorta incorporation into phospholipids minus the counts/min per 100 mg wet weight of the corresponding half of control-whole artery.
Total free fatty acid in the supernatant of each subgroup was determined (29) and the moles percent of unlabeled free linoleic acid was calculated after gas-liquid chromatography (30) , which was done to estimate the total free linoleic acid pool. 12 16
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The percentage of linoleic acid-l-'^C incorporated in the phospholipids of aortic homogenates of noncholesterol-fed and cholesterol-fed rabbits at selected intervals of time are depicted. Each point is the mean of 8 to 10 "incubated homogenate" samples, minus the mean of 4 to 5 samples of "control homogenates." The bars represent 1 so. Note that after 4 weeks of feeding and thereafter there is a significant increase in the percent of linoleic acid found in the aortic phospholipids of cholesterol-fed animals. Statistical significance between cholesterol-fed and nonfed is given as P values. NS = not significant.
•fAn additional group of 5 rabbits fed cholesterol for 12 weeks was used here and the mean represents the means of 2 subgroups of rabbits which gave 25% and 41% incorporation respectively.
corporation of linoleic acid-l-14 C into phospholipids ( Fig. 1 ). This incorporation is significantly greater in rabbits fed cholesterol for 4 weeks or longer (30 to 45% of the counts recovered from the silicic acid columns) when compared with blood vessels of noncholesterol-fed control animals (12 to 25% of the recovered linoleic acid was found in the phospholipids). The remainder of the added linoleic acid-l-14 C recovered from the silicic acid columns was found in the free fatty acid moiety. The enhanced incorporation of labeled linoleic acid into atherosclerotic aortic phosphatides is apparently real and not a consequence of smaller linoleic acid pools in the diseased vessels. In fact, the linoleic acid pools found in the supernatants of homogenates of atherosclerotic aortas are greater than control (normal) aortas ( Figs. 2 and 3) at each time interval studied. The increase in the linoleic acid pool is shown by an increase in amount of free fatty acids during cholesterol CircmUnon Rtsircb, Vol. XIX, Oaobtr 1966 feeding (Fig. 2) , while the relative percent of linoleic acid did not decrease but remained the same (Fig. 3) .
Uniformly labeled glucose is also incorporated into the phospholipids of aortic strips ( Fig. 4 ) and can also be oxidized to 14 CO 2 (Fig. 5) . A significant augmentation of glucose incorporation into phosphatides as well as oxidation to CO-is observed in atherosclerotic aortas from rabbits fed cholesterol 8 weeks and longer. When the free fatty acids of the whole aortic strips were assayed for radioactivity, insignificant amounts of carbon 14 label were found, suggesting that very little of the labeled glucose finds its way into fatty acids.
Electron Microscopic Studies. Two previous communications describe in detail the ultrastructural alterations occurring in aortas of cholesterol-fed rabbits (24, 25) . Absolute quantities of free fatty acids found in the supernatants of homogenates of aortas with the standard deviations. At each interval of time, the cholesterol-fed aortas contained greater amounts of total free fatty acids.
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The moles percent of nonesterified Unoleic acid found in the supernatants of aortic homogenates after various intervals of time after initiating cholesterol feeding. Since the relative percentage of Unoleic acid did not change, but the absolute amount of all the free fatty acids did (as shown in Fig. 2 ) during cholesterol feeding, it is concluded that the absolute quantity (pool) of Unoleic acid must have increased in homogenates of atherosclerotic aortas. The points represent the mean of four runs and the bars 1 SD. 8) to localize structural changes as they may possibly relate to the synthetic mechanisms demonstrated in the foregoing portions of this communication.
By 2 weeks, but more commonly after 4 weeks of lipid feeding, smooth muscle cells accumulate in the intima and form the earliest atheromatous plaques (Fig. 6 ). These abnormally positioned cells, called myo-intimal cells, are initially identical to the smooth muscle cells of the media with only a few profiles of mitochondria, ergastoplasm and ribosomes amidst the myofilaments in the cytoplasm. However, after 4 and 8 weeks of cholesterol The
cpm of glucose incorporated into aortic phospholipids taken frovi noncholesterol-fed and cholesterol-fed rabbits. Each point represents the mean of the cpm found in the phospholipids of one-half of a thoracic aorta incubated for 3 hours ("incubated whole artery") minus the mean cpm found in the phosphatide fraction of each of the corresponding opposite aortic halves incubated only 5 min ("control whole artery"). Each point represents 5 incubations.
There is a significant increase in the glucose incorporated into phospholipids at 8 weeks of feeding and thereafter. NS = not significant. The cpm of ">CO t generated from glucose-">C (UL) by whole strips of aorta minus the corresponding control whole aorta samples. Each point represents the mean of 5 incubations. There is a significant increase in the glucose oxidized by atherosclerotic aortas at 8 weeks of feeding and thereafter.
feeding, the myo-intimal cells begin to evolve into foam cells with numerous vacuoles (Fig.  7) . Some of the vacuoles contain concentrically packed lamellae or myelin forms (Fig. 8) . 
Concomitant with vacuolization, cytoplasmic organelles of the myo-intimal cells become a
Electron micrograph of an early aortic atherosclerotic plaque (rabbit fed cholesterol 4 weeks). Note the profiles of portions of three smooth muscle cells (S) which constitute the plaque, interposed between the endothelium (E) and internal elastic lamina (I). The cytoplasm of these abnormally positioned muscle cells or myo-intimal cells contain only modest numbers of mitochondria (M)
and endoplasmic reticulum (R) at this early stage in plaque formation. X 9,750. This prominence of intercellular organelles and membranes in the myo-intimal cell did not appear to be a consequence of a decrease in the size of these cells. Indirect measurement and comparison of normal smooth muscle cells of the tunica media with the myo-intimal cells of the plaque showed no significant difference in their sizes. Tunica media smooth muscle cells of noncholesterol-fed animals had an average weight of 0.1020 ± 0.0550 g while the myo-intimal cells of experimental plaques had an average weight of 0.1392 ± 0.0870 g. The P value for these figures is > 0.1 and is not statistically significant.
In addition, the amount of endoplasmic reticulum and mitochondrial membrane was estimated in both the normal smooth muscle cells of the media of noncholesterol-fed animals and the severely altered myo-intimal cells from plaques of rabbits fed cholesterol for 8 weeks and longer (similar to cells pictured in Figs. 7 and 8) . The altered myo- Figure 6 . Numerous vacuoles (V) are present in the cytoplasm and they are surrounded by numerous mitochondria (M) and by large expanses of endoplasmic reticulum membranes (R). MyofUaments (MF) are only observed near the periphery of the cell. X 13,450. intimal cells apparently contain significantly greater amounts of intracellular membranes.
Portion of a myo-intimal cell from a more advanced atheroma (rabbit fed cholesterol 8 weeks). This cell lies within the plaque above the internal elastic lamina (I). Its internal structure is appreciably altered from normal smooth muscle cells of the tunica media as well as the myo-intimal cells in very early plaques as pictured in
The ratio of the total length of endoplasmic reticulum to plasma membrane was 0.18 ± 0.03 in the normal smooth muscle and 1.50 ± 0.64 in the myo-intimal cells. This difference is significant with a P value of < .001. The ratio of mitochondrial membrane to plasma membrane was 0.43 ± 0.10 and 0.57 ± 0.10 for the normal smooth muscle cell and myointimal cell respectively. This difference is also significant at the < .01 P value.
Discussion
These experiments demonstrate several metabolic characteristics of both normal and atherosclerotic aortic tissue. First, they reaffirm that normal rabbit aorta can oxidize glucose to CO 2 (21-23, 31, 32) . In addition, they suggest that general metabolic activity, Profile of a portion of a myo-intimal cell found in a large plaque (fed 16 weeks). Two large vacuoles (V) dominate this area of the cytoplasm and they contain myelin forms (MY). Endoplasmic reticulum membranes are also a prominent feature. X 24,950. as reflected by glucose oxidation, increases in atherosclerotic aortas after 8 weeks of cholesterol feeding. This is in agreement with the findings of several investigators who report increased oxygen consumption by atherosclerotic aorta (7, 33, 34) . Second, the present studies disclose that normal rabbit aorta can incorporate linoleic acid and glucose into phospholipids. Moreover, the incorporation of these two phospholipid precursors into aortic phosphatides appears to be increased in athersclerotic vessels.
The incorporation of linoleic acid-l-14 C into phospholipids of the supernatant of normal aortic homogenates has previously been shown to represent net phospholipid synthesis (15, 17) . This synthetic process requires a-glycerophosphate, CoA and ATP (15, 17) . Using the in vitro system of Parker et al. (17) , the present study demonstrates that when labeled linoleic acid is incubated with homogenates of normal and atherosclerotic aorta, greater amounts of linoleic acid are incorporated into the phospholipids of diseased blood vessels.
This increased amount of radioactive linoleic acid found in the phospholipids of pathologically altered aortas is less than it would have been if the total pool of unlabeled nonesterified linoleic acid had not increased in supernatants obtained from atherosclerotic aortas when compared with normal vessels (Figs. 2 and 3 ). This is not an unexpected finding in view of the work of Parker and Odland (24) , which disclosed increased total free fatty acid levels in atherosclerotic rabbit aorta and of Whereat (7) , which demonstrated that fatty acid synthesis is accelerated in diseased vessels.
The ability of whole strips of both normal and atherosclerotic aorta to incorporate radioactive glucose into phospholipids (Fig. 4) is apparently accomplished by metabolizing glucose to a-glycerophosphate which is then inserted as the glycerol "backbone" of the phosphatide molecule (15, 17) . The intimate relationship between glucose metabolism and synthesis of glycerol-containing lipids is well known. Normal glycolysis is required for the generation of a-glycerophosphate, ATP and fatty acids-all of which are necessary for Circulation Rtitrcb, Vol. XIX, Oaohtr 1966 phospholipid synthesis (15, 17, 35) . Although the radioactive glucose can be utilized for synthesis of free fatty acids which then might be incorporated into phospholipids, this does not seem to be an important factor in the whole aortic strip experiments since the free fatty acid fraction was found to contain insignificant amounts of carbon 14. Labeled glucose is also incorporated into phospholipids in increased quantities in atherosclerotic aortas at 8 weeks of cholesterol feeding ( Fig. 4 ) and thereafter at a time when increased oxidation of glucose is also apparent (Fig. 5) .
The present study is the first to demonstrate by in vitro methods the increased incorporation of phospholipid precursors in experimental atherosclerotic blood vessels. The in vitro methods utilized both labeled linoleic acid and labeled glucose. The findings corroborate and extend the in vivo studies of Zilversmit and co-workers (9, 18, 19) in which phosphate-82 P and acetate-14 C were employed.
In the atherosclerotic rabbit aorta, cells accumulate in the intima within 2 to 4 weeks of cholesterol feeding. Electron microscopic examination of these very early plaques show that the vast majority of the accumulating cells are smooth muscle (Figs. 6 through 8) which probably find their way into the intima by migrating through fenestra in the internal elastic lamina (24, 25) .
The smooth muscle cells of the plaque, or myo-intimal cells, undergo remarkable alterations with continued cholesterol feeding. After 4 to 8 weeks of lipid supplementation to the diet, the myo-intimal cells become increasingly vacuolated owing to the accumulation of lipid substances and there is an accompanying prominence of submicroscopic organelles (24) (Figs. 7, 8 ). This prominence of intracellular organelles would seem to represent an absolute increase in their quantity although no direct measurements were made. The prominence is probably not the result of a decrease in the size of the myo-intimal cells since rough measurements disclose that their size was equal to that of normal smooth muscle cells and additional direct measurements show significantly greater lengths of intracel-lular membranes in the myo-intimal cells. Such organelles are generally thought to represent the metabolic "machinery" of cells (36) and the conspicuous nature of these organelles in the myo-intimal cells suggest that their metabolic activity is increased.
There is some additional evidence which suggests that the myo-intimal cells of the plaque may be responsible for the alteration in phospholipid metabolism. First, Day (37) and Dunnigan (38) both report phospholipid staining material within macrophages of early experimental and human plaques. It is possible that some of these cells, which they observed by routine microscopy, correspond to the myo-intimal cells identified more critically by the electron microscope.
Second, indirect evidence infers that the myelin forms seen in many vacuoles of the myo-intimal cells (Fig. 8 ) represent sites of accumulations of phospholipids. Histochemical studies on unfixed, frozen human autopsy material (39) and electron microscopic investigations on isolated phospholipids (40) (41) (42) (43) suggest that phospholopids may commonly assume such morphologic configurations.
If the myo-intimal cells are responsible for the altered phospholipid synthesis, then there remains still unexplained the functional significance for this increase in metabolism. Zilversmit and co-workers (18, 19, 44) have suggested that the increased amounts of phospholipids synthesized and accumulating in the arterial wall may play a role in tissue analogous to that of phospholipids in plasma which are thought to assist in maintaining the solubility of cholesterol there (45) . Thus Zilversmit argues that the acceleration of phospholipid synthesis in the aorta is a response to cholesterol infiltration of the intima and represents an effort to solubilize and remove the accumulating sterols from the vascular wall. In such a hypothesis, it is inherent that the phospholipids are not being used for synthesizing cellular membranes (which contain significant amounts of phosphatides). Indeed, Newman and Zilversmit (44) this increased synthesis of phospholipids by finding only minor changes in the DNA and total protein content of atherosclerotic aorta (44) . However, these methods are not specific or sensitive enough to detect intracellular membrane proliferation as observed by electron microscopy in our study. Therefore, even though the total number of cells may not increase in the atherosclerotic aorta, the absolute amount of structural intracellular membrane may expand as shown by the prominence of mitochondria and endoplsmic reticulum within the myo-intimal cells. Whether or not the myelin forms observed in many vacuoles of the myo-intimal cells can be considered structural phospholipid is unclear. Swift and Hruban (43) observed myelin forms associated with lysosomes during autolysis of cells and these structures may, therefore, represent the means by which the myo-intimal cells dispose of the vast quantities of free and esterified cholesterol which accumulate in the intima. It is also pertinent to point out that a number of investigators have even suggested that tissue phospholipids primarily reflect the quantity of cellular membranes (46, 47) .
It is suggested that regardless of the underlying cause for the increase in intracellular membrane systems of the myo-intimal cells, a significant portion of the increased incorporation of labeled phospholipid precursors into the phospholipids of the pathologically altered vascular wall reflects expansion of the myointimal cells' membranous organelles. Further studies on these intriguing changes in myointimal cells are needed because of the unique role they may play in the evolution of experimental and even human atheroma.
